A three-dimensional metal-organic framework compound [NH 2 (CH 3 ) 2 ] 2 [Zn 3 (bpdc) 4 ]$3DMF (1) shows two step dielectric relaxation and its guest-free framework (1 0 ) possesses an ultra-low k value of 1.80
The design and synthesis of low dielectric constant (low-k) materials has been a subject of interest in terms of their potential for use in high performance electronic devices. Materials with extremely low-dielectric constants have been targeted as interlayer dielectrics (ILD) because they decrease the cross-talk noise, propagation delay, and power dissipation in most electronic components. [1] [2] [3] [4] [5] Indeed, the search for new lowk materials replacing silicon dioxide (SiO 2 ) as an ILD has always been dictated by industrial needs, resulting in a strong connection between fundamental research and technology. 6 Many materials have been proposed and studied as potential candidates; two major classes are dense organic polymers and porous inorganic-based materials. Some dense organic polymers could have k below 2.2, but they suffer from concerns of low thermal stability and thermal conductivity. For porous inorganic-based low-k materials, sol-gel silica, doped oxides and mesoporous silica have been extensively studied.
7 but its low mechanical strength, wide pore size distribution, and hydrophilicity have been cited as concerns.
As air or vacuums have the lowest dielectric constant (k ¼ 1.01), the partial replacement of solid network with air or a vacuum appears to be the more intuitive and direct option to the development of new low-k ILD materials. Thus, as per the International Technology Roadmap for Semiconductors (ITRS), robust porous materials and air gap structures will become target low-k materials in the near future.
8 Metal-organic frameworks (MOFs) with a well-dened monodisperse porosity, large surface area, ultra-low densities, high stability and easy tunability of the surface and structural properties have potential for meet the demands for use as stable low-k materials.
9 MOFs have been extensively studied over the past decade for their applications in gas storage, sensors, chemical separation, catalysis, drug delivery and biomedical imaging. [10] [11] [12] However, their electrical properties and applications in microelectronics remain under researched. 13 MOFs should be stiffer and harder than other low-density amorphous inorganic or organic polymers because of their ordered framework and rigid organic linkers. With tunable structural properties, high porosity, and thermal/mechanical stability, MOFs represent an ideal replacement as an ILD material. Hermann and coworkers presented a brief theoretical model for using MOFs as low-k materials in microelectronics applications.
14 However, these theoretical calculations did not take into account the orientational and ionic contributions to the molecular polarizability, which drastically contribute to the dielectric constant. These theoretical results encouraged us to search for new MOFs materials with experimentally ultra-low k values.
In to give rise to a regular 3D network (Fig. 1c) , and channel dimensions is about 13 Â 18Å along the b-axis direction. The triangle cage was formed along the c-axis direction with small channel (Fig. 1d) . Overall, two individual triangle cage are independent interpenetrated to form the entire framework of 1 (Fig. 1e) . It should be noted that although the framework of 1 is interpenetration networks, it is still highly porous. Aer the removal of solvent molecules in the channels, the accessible volume of 1 is 40.2%. The temperature dependent dielectric properties were investigated in the temperature rang of 30-135 C, and two-step dielectric relaxation were observed. As show in Fig. 2a , it is clear that compound 1 shows the rst step dielectric relaxation in the temperature range of 30-80 C. When 1 was heated from 30 to 37 C, the dielectric constant progressive increased and reaches a maximum of 174.4 at 10 3 Hz. Further increase in temperature results in the dielectric constant of 1 slowly decreasing and dielectric peak disappears. The rst step dielectric relaxation is due to the relaxation of absorbed water molecules in the sample surface. The dielectric relaxation signal was not observed in the cooling process (from 95 C to 30 C) for losing surface water (Fig. 2b) . The k value is directly related to the polarization phenomena. The higher the polarization, the greater the increase in k value will be. Usually, the MOF materials with low k value feature the reorientational motions of polar guest molecules being restricted at low temperature or frameworks solvent-free. However, for 1, the thermally assisted dynamical dipole motion due to polar DMF molecules is appeared. The guest molecules get enough excitation thermal energy to be able to obey the change under the external electric eld more easily in the high temperature regime, and the reorientational dynamics of guest molecules is activated above 105 C. This in return enhances their contribution to the polarization leading to an sharp increase of dielectric permittivity value. At f ¼ 10 5 Hz, the dielectric constant reaches a maximum of 237, and then sharply decreased when the temperature increased. In the following cooling process, a very low k value was observed and no dielectric relaxation was occurred (Fig. 2c) . The second step dielectric relaxation at different frequency are shown in Fig. 2d , which can be ascribed to the guest polar DMF reorientational motions. In addition, the dielectric loss values shows similar features in the selected frequency range (Fig. S3 †) . Removing polar guest molecules from the framework may be decreases the polarization and the possibility of any type of hydrogen bonding or ionic interactions between the framework and guest molecular, hence, the k value will also decreases. The guest-free sample 1 0 were obtained by simply heating method.
The PXRD patterns of the 1 match well with the 1 0 (Fig. S4 †) , thus demonstrating the phase were unaltered. The dielectric properties of guest-free sample 1 0 were investigated. As shown in Fig. 3 , aer removing the polar DMF molecules, a very low k value of 1.78 at 100 kHz at 40 C with a low dielectric loss (0.005) was observed (Fig. S5 †) . It is very interesting as the temperature increase from 40 to 130 C, k value increases very slowly. k value is 1.99 at 130 C. With the ac electric eld frequency increasing, the k value slightly decrease (Fig. 3a) . It is noteworthy that, to date, dielectric investigations of MOFs have received relatively little attention, although a few exciting examples have been reported. Only a limited number of MOFs have been reported to possess ultra-low k value. 15,16 The ultra-low k values for a few MOFs are shown in Table S2 . † 17 To the best of our knowledge, the k values of 1 0 is the lowest value for MOFs reported. From the published paper and our results, to obtained the ultra-low k MOFs, ligands should have high symmetry and small polarity and polar guest molecular should be avoid. Furthermore, some small counter ions could be decrease k values. As the vacuum has the lowest dielectric constant, thus, k values can be reduced signicantly by increasing porosity of MOFs. High thermal stability and MOFs thin-lm growth are required for the practical applications of ultra-low k MOFs in microelectronics. ZIF-8 lms with k value of 2.4 were deposited on silicon wafers and characterized in order to assess their potential as future insulators (low-k dielectrics) in microelectronics. 18 We recently reported a hydrogen bonding MOFs [Zn(H 2 EIDA) 2 (H 2 O)]$2DMF, which exhibited low-k behaviour, but its thermal stability was not perfect.
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